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Abstract

Paragonite- and garnet-bearing high-grade epidote-amphibolite (PGEA) in the Ise area of the Hida Mountains, Japan is characterized by the

high-pressure (HP) epidote-amphibolite facies parageneses (M1), garnet+hornblende+clinozoisite+paragonite+quartz+ rutile. Paragonite and

garnet of the peak M1 stage are locally replaced by retrograde albite (+oligoclase) and chlorite (M2), respectively. Phase equilibria constrain peak

metamorphic conditions of P=1.1–1.4 GPa and T =530–570 -C, and a decompressional P –T path for this rock. Mineral parageneses of prograde

epidote-amphibolite facies are comparable to some HP rocks from the Hongan region of western Dabie, but differ from other HP mafic schists

with cooling ages of c. 330 Ma in the Hida Mountains. New paragonite K–Ar dating for the PGEA yields a Triassic cooling event at 210 Ma that

is coeval with regional cooling and exhumation of the Sulu–Dabie–Qinling (SDQ) belt. Both petrological and geochronological data of the

Triassic HP epidote-amphibolite in Hida Mountains support our earlier hypothesis that the SDQ belt extends across the Korean Peninsula to SW

Japan.
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1. Introduction

A Triassic continental collision between the Sino-Korean

and Yangtze cratons was one of the most crucial events during

Phanerozoic growth of Asia. This collision produced the world

largest high-pressure and ultrahigh-pressure (HP–UHP) belt

(e.g., Ernst et al., 1991; Liou et al., 1996) in east-central China-

the Sulu–Dabie–Qinling (SDQ) belt. This suturing event may

have affected numerous tectonic and igneous activities in the

present Korean Peninsula and the Japanese Islands (e.g.,

Isozaki, 1997; Kim et al., 2003; Oh et al., 2004). So far,

numerous radiometric ages have been acquired in the SDQ

belt, and have confirmed the Triassic HP–UHP formation of

the orogen (e.g., Ames et al., 1993; Hacker et al., 1998, 2004);

recent SHRIMP zircon U–Pb age dating combined with

studies of micro-inclusions in zircon have further documented

the 230 Ma prograde UHP and 210 Ma retrograde metamor-

phic events in Sulu (e.g., Liu et al., 2004a,b). Moreover, the
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timing of postmetamorphic cooling of the HP–UHP rocks at

190–210 Ma has also been confirmed by phengite 40Ar–39Ar

geochronology (e.g., Eide et al., 1994; Webb et al., 1999;

Hacker et al., 2000). The eastern limb of the SDQ belt may

extend through the Korean Peninsula to the Japanese Islands

(e.g., Ernst and Liou, 1995; Isozaki, 1997; Ishiwatari and

Tsujimori, 2003; Tsujimori and Liou, 2004a). The most likely

candidates for the eastern counterpart of the collisional orogen

in Japan are Paleozoic HP metamorphic rocks in the Hida

Mountains (Fig. 1). Recent identification of a regional eclogite-

facies metamorphism in the Renge HP schist of the Hida

Mountains further supports this hypothesis (Tsujimori et al.,

2000a; Tsujimori, 2002). However, whether the Renge HP

metamorphic rocks are related to the Triassic continental

collision is still debated because of the absence of critical

geochronologic evidence confirming a Triassic event; available

radiometric ages for Renge HP metamorphic rocks including

blueschist, eclogite and amphibolite are >100 Ma older than

those of the SDQ belt.

A boulder of Triassic paragonite- and garnet-bearing

epidote-amphibolite (PGEA) was recently found in the
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Fig. 1. Simplified geologic map of eastern Asia, showing the Chinese Triassic

UP–UHP metamorphic belt (after Maruyama et al., 1994; Khanchuk, 2001).

Fig. 2. Simplified geologic map of the Hida Mountains, SW Japan (afte

Tsujimori, 1995). Phengitic mica K–Ar ages (K–Ar p) and zircon U–Pb ages

(U–Pb z) of pre-Cretaceous HP metamorphic rocks are shown; see detail in

text. BS=blueschist-facies, EC=eclogite-facies, GS=greenschist-facies

AM=amphibolite-facies.
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Kuzuryu area of the Hidagaien belt (Hida marginal belt) in the

Hida Mountains. As described here, petrologic features and the

cooling age of the PGEA differ from other HP metamorphic

rocks in the Hidagaien belt, but are similar to some HP rocks of

the Sulu–Dabie terrane. We describe petrologic characteristics

and the K–Ar age of the PGEA, and provide preliminary

geologic implications. This is the first report of Triassic high-

grade HP metamorphic rocks in the Hida Mountains.

Mineral abbreviations in this paper are after Kretz (1983);

the term Fhornblende (Hbl)_ describes Ca-amphibole with a

dominantly hornblende composition throughout this paper.

2. Geologic outline

In the Hida Mountains of SW Japan, pre-Jurassic metamor-

phic rocks occur as two petrotectonic units: (1) Hida belt and

(2) Hidagaien belt. These metamorphic basement terranes are

unconformably overlain by Mesozoic sedimentary rocks of the

Lower Jurassic Kuruma Group and the Middle Jurassic to

Lower Cretaceous Tetori Group (Fig. 2).

The Hida belt consists of polymetamorphosed low- to

medium-P orthogneiss, paragneiss, marble, amphibolite and

ferro-aluminous pelitic schist, intruded calc-alkaline granitic

plutons (e.g., Asami and Adachi, 1976; Inazuki, 1980; Suzuki

et al., 1989; Sohma and Akiyama, 1984; Arakawa, 1990; Kano,

1991; Arakawa et al., 2000). Typical Barrovian-type aluminous

pelitic schists with the assemblage Grt+Bt+Pl+StTKy have

been subdivided into the FUnazuki schist_ and the FHida gneiss_
(Hiroi, 1983). Zircon SHRIMP U–Pb geochronology for the

Hida paragneiss shows a concordant detrital age of 1841 Ma,

whereas some zoned zircons record three different ages, 1690,

440, and 250 Ma (Sano et al., 2000). Microprobe Th–U-total

Pb chemical ages of zircon in the Hida paragneisses yielded

230–250 Ma for sillimanite-grade amphibolite-facies meta-

morphism (Suzuki and Adachi, 1994). K–Ar and Rb–Sr

mineral ages of both metamorphic rocks and rejuvenated

Jurassic granitic intrusions are clustered at around 180 Ma

(e.g., Ota and Itaya, 1989).
In contrast, the Hidagaien belt is a composite geotectonic

unit that tectonically lies between the Hida belt and a Jurassic

accretionary complex of the Tamba–Mino belt (e.g., Komatsu,

1990). It consists mainly of fragments of various pre-Jurassic

rocks that are more widely developed in the Chugoku

Mountains, SW Japan; serpentinites with blocks of Upper

Paleozoic schists and Lower Paleozoic (Middle Ordovician to

Upper Triassic) non-metamorphic clastic rocks are the most

characteristic components (e.g., Banno, 1958; Yokoyama,

1985; Nakamizu et al., 1989; Kurihara and Sashida, 2000;

Tazawa, 2004). The schists of the Hidagaien belt have been

distinguished as the FRenge schist_ (e.g., Nishimura, 1998;

Tsujimori et al., 2000a; Tsujimori, 2002); they records mainly

greenschist- to amphibolite-facies metamorphism, and locally

preserve blueschist- to eclogite-facies metamorphism. The

Renge schists are roughly subdivided into two distinct groups

(e.g., Banno, 1958; Tsujimori, 2002): (1) a noneclogitic unit;

and (2) an eclogitic unit. Medium to coarse-grained garnet-

amphibolites occur as mafic layer and lens within garnet- and

biotite-bearing pelitic schists of the noneclogitic unit; they are

commonly characterized by the amphibolite-facies mineral

assemblage Grt+Hbl+PlTCzoTBt+RtT Ilm+Qtz (e.g., Naka-

mizu et al., 1989). On the other hand, medium to coarse-

grained eclogite and garnet-blueschist occur as mafic layers

within paragonite-bearing pelitic schists of the eclogitic unit;

the assemblage Grt+Omp+Gln+Czo+Rt+QtzTPhe charac-

terizes the eclogite-facies metamorphism (Tsujimori et al.,

2000a; Tsujimori, 2002). Phengitic white micas of these Renge

schists yield K–Ar and 40Ar–39Ar ages of around 347–283

Ma, regardless of metamorphic grade (e.g., (e.g., Shibata and

Nozawa, 1968; Kunugiza et al., 2004; T. Tsujimori, unpub-

lished data).
r
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The investigated paragonite- and garnet-bearing epidote-

amphibolite (PGEA) was collected as a river boulder

(40�40 cm in size) in a branch of the Ise River, Kuzuryu

area (Fig. 2). A similar boulder of Fgarnet–epidote–
hornblende schist_ from the same area was descried by

Miyakawa (1982), who did not identify paragonite. In this

area, a fault-bounded, noneclogitic Renge schist body (4�2

km), called the FIse body_, is associated with Permian

volcanoclastic rocks of the Konogidani Formation, and

serpentinites with minor deformed diorite (Yamada, 1967;

Miyakawa, 1982; Kurihara, 2003). The Ise body consists

mainly of greenschist- to amphibolite-facies mafic and pelitic

schists. Mafic schist contains the mineral assemblage

Act+Ep+Chl+Ttn+Ab+Qtz, and pelitic schist is character-
Fig. 3. Photomicrographs showing microtextures of investigated samples. (a) Cro

hornblende is enveloped around bya foliated mosaic aggregate of clinozoisite. (b) O

foliation. (c) Back-scattered electron image of paragonite with minor phengite. (d) X-

Brighter color represents higher concentration.
ized by the assemblage Phe+BtTGrt+Ab+Qtz+Ttn (Miya-

kawa, 1982). The pelitic schist gives phengite K–Ar ages of

327–314 Ma (Kunugiza et al., 2004), and a deformed diorite

yields hornblende K–Ar ages of 415–397 Ma (Shibata et al.,

1980). Although the relationship between the PGEA and

greenschist-facies schists of the Ise body is unclear, the PGEA

may have originally been a tectonic inclusion within adjacent

serpentinites.

3. Petrography

The PGEA is a well-foliated, medium-grained mafic rock;

garnet porphyroblasts, up to 5 mm in size are scattered in the

foliated matrix (Fig. 3a). The latter consists mainly of
ss-polarizer view of garnet and porphyroclastic hornblende; porphyroclastic

pen-polarizer view of paragonite and nematoblastic hornblende that defines the

ray images (Mg, Ca, Mn, and Fe) of garnet, showing prograde chemical zoning.
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hornblende, garnet, clinozoisite and paragonite, with small

amounts of quartz, albite (rare oligoclase), phengite, and rutile.

Apatite and chlorite are accessories. Foliation is defined by

preferred orientation of nematoblastic hornblende and para-

gonite (Fig. 3b). Mosaic aggregates of clinozoisite are

intergrown with paragonite, hornblende and rutile. Minor

phengite coexists with paragonite in the matrix (Fig. 3c).

Garnet porphyroblasts contain inclusions of clinozoisite, rutile,

quartz and rare paragonite. Most acicular hornblende grains

(<1 mm in length) are arranged roughly parallel to the

schistosity; some coarse-grained hornblende porphyroclasts

(2–4 mm in size) are wrapped around by layers of mosaic

aggregates of clinozoisite (Fig. 3a) and nematoblastic horn-

blende. Such textural relations indicate that relict, coarse-

grained hornblende underwent grain-size reduction by recrys-

tallization during deformation. The hornblende porphyroclasts

contain quartz and rutile inclusions.

Petrographic relations indicate that the investigated PGEA

experienced at least two stages of metamorphic recrystalliza-

tion: a peak epidote-amphibolite stage (M1) and retrograde

stages (M2). Except for some hornblende porphyroclasts,

foliated matrix minerals and garnet porphyroblasts are thought

to be in textural equilibrium, and the assemblage Grt+Hbl+

Czo+PgTPhe+Rt+Qtz characterizes the M1 peak metamor-

phic stage; M1 garnet records prograde chemical zoning (Fig.

3d). Albite and oligoclase occur as later M2 stage minerals that

rarely replace M1 paragonite. Furthermore, M2 chlorite fills

minor cracks in the garnet porphyroblasts.
Table 1

Representative electron-microprobe analyses of rock-forming minerals in the PGEA

Garnet Honeblende

Core Rim PC

SiO2 37.03 36.95 43.30 45.86

TiO2 0.03 0.01 0.43 0.16

Al2O3 20.82 21.07 16.09 13.17

Cr2O3 0.00 0.00 0.00 0.00

FeO* 27.93 30.77 14.25 14.64

MnO 4.99 0.99 0.02 0.01

MgO 1.37 3.74 9.78 11.24

CaO 8.49 7.15 10.64 9.47

Na2O 0.04 0.00 2.81 2.85

K2O 0.01 0.01 0.13 0.10

Total 100.70 100.68 97.45 97.50

O= 12 12 23 23

Si 3.007 2.981 6.318 6.574

Ti 0.010 0.004 0.047 0.043

Al 1.993 2.004 2.767 2.225

Cr 0.000 0.000 0.000 0.000

Fe3+ 0.358 0.820

Fe2+ 1.725 1.887 1.381 0.935

Mn 0.343 0.068 0.003 0.001

Mg 0.166 0.450 2.126 2.401

Ca 0.739 0.618 1.663 1.454

Na 0.005 0.000 0.795 0.793

K 0.001 0.000 0.025 0.018

Total 7.989 8.013 15.482 15.266

XMg 0.09 0.19 0.61 0.72

FeO*=total Fe as FeO. XMg=Mg/ (Mg+Fe2+).

PC=porphyroclast; Inc.= inclusion in garnet.
4. Mineral chemistry

Electron microprobe analysis was carried out with a JEOL

JXA-8900R at Okayama University of Science. Quantitative

analyses were performed at 15 kV accelerating voltage, 12 nA

beam current and a 3 Am beam size. Natural and synthetic

silicates and oxides were used as standards. The ZAF (oxide

basis) method was employed for matrix corrections. Represen-

tative analyses of rock-forming minerals are listed in Table 1.

4.1. Garnet

Garnets are characterized by high almandine (Alm) compo-

nents with moderate grossular (Grs) and low pyrope (Pyr) and

spessartine (Sps) (Alm=58–66%, Grs=20–26%, Pyr=5–

15%, Sps=2–13%; Fig. 4). They show distinct prograde

chemical zoning in Mg / (Mg+Fe2+) atomic ratio [=XMg],

ranging from 0.08 to 0.19; grossular and spessartine decrease

toward the rim (Fig. 4). Compared with garnet composites of

other Renge noneclogitic and eclogitic mafic schists, the garnet

in this rock contains garnets of lower grossular and spessartine

contents.

4.2. Hornblende

The Fe2+ /Fe3+ ratios of amphiboles were estimated on the

anhydrous basis of 23 oxygens p.f.u, and assuming a cation

total of 13 excluding Ca, Na and K. M1 neoblastic hornblendes
Clinozoisite Paragonite Phnegite

Inc.

55.99 38.50 38.56 46.93 49.38

0.04 0.00 0.04 0.00 0.07

10.74 26.92 27.89 38.88 31.69

0.04 0.00 0.00 0.01 0.00

6.46 8.45 7.12 0.51 1.57

0.00 0.11 0.29 0.00 0.04

6.83 0.10 0.06 0.07 1.89

11.74 22.93 23.24 0.60 0.05

8.03 0.01 0.05 6.97 1.01

0.00 0.00 0.02 1.15 9.09

99.87 97.02 97.27 95.13 94.78

23 12.5 12.5 11 11

6.221 3.008 2.999 3.014 3.275

0.044 0.000 0.002 0.000 0.004

2.714 2.478 2.557 2.943 2.477

0.002 0.000 0.000 0.001 0.000

0.755 0.552 0.463

1.094 0.028 0.087

0.016 0.007 0.019 0.000 0.002

2.155 0.011 0.007 0.006 0.187

1.568 1.919 1.937 0.041 0.004

0.836 0.001 0.007 0.868 0.129

0.029 0.000 0.002 0.094 0.769

15.432 7.977 7.993 6.995 6.933

0.66 1.00 1.00 0.19 0.68



Fig. 4. Chemical compositions of garnet in XMg versus Alm, Pyr, and Sps

components. For comparisons, garnets from the Renge HP schists in the Hida

Mountains are also plotted.

Fig. 5. Chemical compositions of hornblende in NaB versus AlIV diagrams. For

comparisons, amphiboles from the Renge HP schists in the Hida Mountains are

also plotted.
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range in composition from hornblende to rare barroisite (Fig.

5), with Si=6.2–6.6 p.f.u., [B]Na (Na in the B-site)=0.37–

0.56, and [A](Na+K)=0.11–0.43; XMg ranges from 0.61 to

0.82. Al2O3 content reaches 15.9 wt.% and typically decreases

at the rim. Porphyroclastic hornblendes, classified as horn-

blende and tschermakite, have Si=6.2–6.5 p.f.u., [B]Na=

0.34–0.41, and [A](Na+K)=0.26–0.48; XMg ranges from

0.61 to 0.74. Because porphyroclastic hornblendes may have

been recrystallized, they show a similar compositions to those

of neoblastic hornblendes. The compositional trend of horn-

blende in the PGEA is roughly similar to those of noneclogitic

unit schists. However, the [A](Na+K) value of hornblende does

not exceed 0.5 in the Ise River boulder.

4.3. Other minerals

Clinozoisite as mosaic aggregates in the matrix is charac-

terized by XFe3+[=Fe
3+ / (Fe3+Al)] values ranging from 0.12 to

0.22; clinozoisite inclusions in garnet have XFe3+ of 0.13–0.19.

Paragonite in the matrix ranges in Na / (Na+K) ratio from

0.88 to 0.94, and coexisting phengite has the composition Na /

(Na+K)=0.14–0.17 and Si p.f.u.=3.2–3.3.

M2 albite and oligoclase that replace paragonite have 0–5%

and 15–19% anorthite (An) component, respectively.

XMg of chlorite ranges from 0.57 to 0.64.
5. P –T conditions of metamorphism

The prograde epidote-amphibolite facies stage (M1)

produced the assemblage Grt+Hbl+Czo+PgTPhe+Rt+Qtz.
P–T conditions for the Pg+Czo+Qtz assemblage can be

defined by the following experimentally determined reactions

(Fig. 6):

Lws þ Abðor JdÞ ¼ Zo þ Pg þ Qtz þ H2O ð1Þ

(Heinrich and Althaus, 1988), and

Zo þ Pg þ Qtz ¼ Mrg þ Pl ð2Þ

(Franz and Althaus, 1977).

The absence of either blueschist- or eclogite-facies

assemblages together with the reactions (1) and (2) indicates

an approximate epidote-amphibolite facies P–T condition of

P=1.1–1.4 GPa and T=530–570 -C, at pressures just

below those of the eclogite facies (Fig. 6). Moreover, the



Fig. 6. P –T diagram showing a qualitative metamorphic condition for the peak

M1 stage (gray area), and the retrograde P –T path, from M1 to M2 for the

PGEA. Reactions curves (1) and (2) define to lower P –T limit for the stability

field of the Zo (Czo)+Pg assemblage (shaded area). For comparisons, the

inferred P –T paths of the SQD eclogites (Hacker et al., 2004) are also shown.

The metamorphic facies and their abbreviations, and phase equilibria are after

Liou et al. (2004).

T. Tsujimori et al. / Gondwana Research 9 (2006) 167–175172
relatively high Al (up to 17.5 wt.% Al2O3) and moderate Na

(up to 3.0 wt.%) contents of hornblende and the presence of

rutile instead of titanite and ilmenite further support HP

conditions for the M1 stage (Ernst and Liu, 1998; Liu et al.,

1996).

Furthermore, the decompressional paragonite-breakdown

reaction to form M2 sodic plagioclase can be written as:

Pg þ Czo þ Qtz ¼ An þ Ab þ H2O: ð3Þ

This reaction constrains a lower pressure limit for the M1

assemblage; the minimum pressure calculated using THER-

MOCALC (ver. 3.21) program (Powell et al., 1998) with

analyzed mineral compositions is P=1.0 GPa at T=550 -C
(Fig. 6).
Table 2

K–Ar ages of the PGEA and Renge schists from the Ise area

Sample K (wt.%) Rad.40Ar (10

Paragonite-bearing garnet–epidote-amphibolite boulder (this study)

PGEA [Pg] 0.573T0.01 497.0T5.8

Renge pelitic schists of Ise body

IS-PS01 [Phe] (TT) 6.03T0.12 7974T84

IS0723 [Phe] (K97) 4.38T0.09 6030T62

IS0732 [Phe] (K97) 4.12T0.08 5724T57
IS0735 [Phe] (K97) 5.49T0.11 7360T84

Pg=paragonite; Phe=phengite; TT=unpublished data; K9=Kunugiza et al. (1997)
The paragonite-bearing assemblage in amphibolitic rocks is

one of the critical assemblages to constrain HP metamor-

phism. Konzett and Hoinkes (1996) calculated the stability of

Pg+Hbl (tschermakite), and suggested that this assemblage is

stable at pressures below the omphacite stability field. This

suggestion is also supported by other calculations (e.g.,

Molina and Poli, 1998). In fact, the Hbl+Pg assemblage

has been described as a retrograde mineral assemblage for

some Dabie–Sulu UHP eclogites (e.g., Okay, 1995; Mattin-

son et al., 2004). The retrograde M2 stage represents minor

greenschist-facies overprinting after the peak HP metamor-

phism. The appearance of sodic plagioclase replacing M1

paragonite indicates that the retrograde P –T trajectory

crossed reaction (3) to greenschist-facies P –T conditions.

6. Age of metamorphism

A paragonite separate from the investigated PGEAwas used

for conventional K–Ar dating at Okayama University of

Science. The separate was treated with 2N HCl to dissolve

out chlorite along cleavage planes, and was cleaned at 80 -C
with ion-exchanged water. 40K was analyzed by flame

photometry using a 2000 ppm Cs buffer. Ar isotopic composi-

tions were measured on a 15 cm radius sector-type HIRU mass-

spectrometer; an accurately measured amount of 38Ar gas was

used as a spike (Nagao et al., 1984; Itaya et al., 1991). Decay

constants for 40K to 40Ar and 40Ca, and the 40K abundance used

in to age calculation are 0.581�10�10/yr, 4.962�10�10/yr,

and 0.0001167, respectively (Steigher and Jäger, 1977).

The paragonite K–Ar age of the PGEA boulder yields

210.6T4.6 Ma (Table 2). Because paragonite grew during the

HP metamorphism, this age is considered to reflect the time at

which the PGEA cooled below the K–Ar closure temperature

of paragonite. Although there is no experimental determina-

tion of 40Ar diffusion in paragonite, it has been generally

accepted that its K–Ar closure temperature is similar to that

for muscovite at 420T50 -C (e.g., Konzett and Hoinkes, 1996;

Marshall et al., 1998; Schneider et al., 2004). The K–Ar

closure temperature of paragonite can be supported by a good

agreement between paragonite 40Ar–39Ar age (52.3 Ma) and

low-Th /U metamorphic zircon U–Pb age (52.4 Ma) from a

HP metagabbro from Synos (Tomaschek et al., 2003).

Moreover, recent in situ 40Ar–39Ar laserprobe dating of

metamorphic white micas in Barrovian-type schist from the
�8 cc STP/g) Non-rad. Ar (%) Age (Ma)

6.3 210.6T4.6

4.5 312.3T6.5

1.2 322.7T6.7

1.2 327.0T6.7
1.3 313.7T6.6

.



Fig. 7. Frequency distribution of K–Ar and Rb–Sr mineral ages of pre-Cretaceous HP metamorphic rocks in the Inner Zone (Hida Mountains, Chugoku Mountains,

and Kyushu) and the Outer Zone (Kurosegawa belt, Shikoku) of SW Japan. Data are from Shibata and Nozawa (1968), Maruyama and Ueda (1974), Maruyama et al.

(1978), Shibata and Ito (1978), Suzuki et al. (1990), Nishimura et al. (1989), Isozaki and Itaya (1990), Isozaki and Itaya (1991), Kabashima et al. (1995), Kunugiza et

al. (2004), Nishimura (1998), and Tsujimori and Itaya (1999). Unpublished K–Ar and Ar–Ar data (one Suo schist and twenty-three Renge schists) of T. Tsujimori

are also included in the diagram. All data except for hornblende ages of the kyanite-bearing epidote-amphibolite (Tsujimori et al., 2000b; Tsujimori and Liou, 2004b)

are phengitic mica ages. Time scale is after Harland et al. (1990).
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Variscan belt revealed relatively high K–Ar closure tempera-

tures (>500 -C) of white micas (Di Vincenzo et al., 2004).

Considering these, the paragonite K–Ar age of 210 Ma is

interpreted as the time of postmetamorphic cooling soon after

the metamorphic peak (as is the case for the SDQ belt, e.g.,

Hacker et al., 2000). The observed minor retrogression support

this interpretation.

7. Geologic implications

The finding of a Triassic HP metamorphic rock in the

Japanese Paleozoic terrane is significant in terms of the

regional tectonic framework of Eastern Asia. Our petrologic

work has documented an HP epidote-amphibolite facies

metamorphism in the PGEA from the Hida Mountains; the

paragonite-bearing HP epidote-amphibolite facies mineral

assemblage has not been previously described in HP mafic

metamorphic rocks in this belt. Moreover, paragonite K–Ar

dating of the PGEA confirms a Triassic cooling event that is

clearly younger than prior age data for HP metamorphic rocks

in the Hida Mountains (Fig. 7); cooling ages of the Renge HP

schists converge around 330 Ma. Although pumpellyite–

actinolite-to-greenschist/blueschist transitional facies rocks

occur in the Triassic–Jurassic Suo HP metamorphic belt of

the Chugoku Mountains (e.g., Nishimura et al., 1989;

Nishimura, 1998), the PGEA differs substantially from these

low-grade metamorphic rocks. Considering petrologic and

geochronologic features, the investigated PGEA may represent

an exotic fragment from a regional Triassic high-grade HP

metamorphic unit.

What is the significance of our finding of Triassic HP

epidote-amphibolite facies metamorphism in the Hida Moun-
tains? Prograde paragonite- and garnet-bearing HP epidote-

amphibolite is generally restricted to the epidote-amphibolite/

eclogite transitional facies (e.g., Konzett and Hoinkes, 1996;

Molina and Poli, 1998). In the Hong_an region of western

Dabie, a prograde zonation from blueschist/greenschist transi-

tional through epidote-amphibolite and quartz-eclogite to

coesite-eclogite zone is well documented as the best represen-

tative petrotectonic assemblages for Triassic subduction of the

Yangtze plate beneath the Sino-Korean craton (Liou et al.,

1996; Eide and Liou, 2000; Liu et al., 2004a,b; Liu and Ye,

2004). Each metamorphic zone may have a similar P–T

gradient, but was subducted to different depths. The prograde

paragonite-bearing mineral assemblage Grt+Hbl+Czo+Pg+

Qtz+Rt has been described as a precursor of eclogite-facies

rocks (e.g., Liu and Ye, 2004). A similar prograde transition

has also been documented in the southern Sulu belt. For

instance, Enami and Nagasaki (1999) described the prograde

epidote-amphibolite facies mineral inclusions pargasite, clin-

ozoisite, paragonite, staurolite, and margarite from the cores of

zoned garnets in Sulu UHP eclogites. Although staurolite and

margarite have not been found in our PGEA, the Hbl+Pg+Czo

assemblage is comparable to the precursor assemblage of the

Sulu UHP eclogite.

It is obvious that the investigated PGEA underwent neither

UHP metamorphism nor eclogite-facies metamorphism. How-

ever, this PGEAmay be an equivalent to HP rocks recrystallized

at shallower subduction depths and exhumed; some are

preserved as inclusions in HP–UHP eclogites of the Chinese

Triassic SDQ belt. Our new finding of Triassic HP epidote-

amphibolite facies metamorphism supports an early speculation

regarding the eastern extension of the suture zone (Ernst and

Liou, 1995); the SDQ belt may well extend to SW Japan.
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Steigher, R., Jäger, E., 1977. Subcommission on geochronology: convention on

the use of decay constants in geo- and cosmochronology. Earth Planet. Sci.

Lett. 35, 359–362.

Suzuki, K., Adachi, M., 1994. Middle Precambrian detrital monazite and zircon

from the Hida gneiss in the Oki-Dogo Island, Japan: their origin and

implication for the correlation of the basement of Southwest Japan and

Korea. Tectonophysics 235, 277–292.

Suzuki, M., Nakazawa, S., Osakabe, T., 1989. Tectonic development of the

Hida belt—with special reference to its metamorphic history and Late

Carboniferous to Triassic orogenies. Mem. Geol. Soc. Japan (33), 1–10 (in

Japanese with English abst.).

Suzuki, H., Isozaki, Y., Itaya, T., 1990. Tectonic superposition of the

Kurosegawa terrane upon the Sanbagawa metamorphic belt in the eastern

Shikoku, Southwest Japan—K–Ar ages of weakly metamorphosed rocks

ion the northeastern Kamikatsu Town , Tokushima Prefecture. J. Geol. Soc.

Japan. 96, 145–153 (in Japanese with English abst.).

Tazawa, J., 2004. Palaeozoic and Mesozoic tectonics of the Hida Gaien Belt,

central Japan: overview. J. Geol. Soc. Japan 110, 567–579 (in Japanese

with English Abst.).

Tsujimori, T., 1995. Staurolite-bearing sillimanite schist cobble from the Upper

Jurassic Tetori Group in the Kuzuryu area, Hida Mountains, central Japan.

J. Geol. Soc. Japan 101, 971–977.

Tsujimori, T., 2002. Prograde and retrograde P –T paths of the Late Paleozoic

glaucophane eclogite from the Renge metamorphic belt, Hida Mountains,

Southwestern Japan. Int. Geol. Rev. 44, 797–818.

Tsujimori, T., Itaya, T., 1999. Blueschist-facies metamorphism during Paleozoic

orogeny in southwestern Japan: phengite K–Ar ages of blueschist-facies

tectonic blocks in a serpentinite mélange beneath Early Paleozoic Oeyama

ophiolite. Isl. Arc 8, 190–205.

Tsujimori, T., Ishiwatari, A., Banno, S., 2000a. Eclogitic glaucophane schist

from the Yunotani valley in Omi Town, the Renge metamorphic belt, the

Inner Zone of southwestern Japan. J. Geol. Soc. Japan 106, 353–362 (in

Japanese with English abst.).

Tsujimori, T., Nishina, K., Ishiwatari, A., Itaya, T., 2000b. 443–403 Ma

kyanite-bearing epidote amphibolite from the Fuko Pass metacumulate in

the Oeyama area, the Inner Zone of southwestern Japan. J. Geol. So. Japan

106, 646–649 (in Japanese with English abst.).

Tsujimori, T., Liou, J.G., 2004a. Ecologite-facies mineral inclusions in

clinozoisite from Palaezoic blueschist, central Chugoku Mountains, SW

Japan: Evidence of regional eclogite-facies matamorphism. Int. Geol. Rev.

46, 215–232.

Tsujimori, T., Liou, J.G., 2004b. Metamorphic evolution of kyanite– staurolite-

bearing epidote-amphibolitic rocks from the Early Paleozoic Oeyama belt,

SW Japan. J. Metamorph. Geol. 22, 301–314.

Tomaschek, F., Kennedy, A.K., Villa, I.M., Lagos, M., Ballhaus, C., 2003.

Zircons from Syros, Cyclades, Greece—recystallization and mobilization of

zircon during high-pressure metamorphism. J. Petrol. 44, 1977–2002.

Webb, L.E., Hacker, B.R., Ratschbacher, L., Dong, S., 1999. Tectonics of high

and ultrahigh-pressure rocks in the Qinling–Dabie orogen: 40Ar / 39Ar

thermochronologic constraints on deformation and cooling history. Tecto-

nophysics 18, 621–638.

Yokoyama, K., 1985. Ultramafic rocks in the Hida Marginal Zone. Mem. Natn.

Sci. Mus., Tokyo (18), 5–18.

Yamada, K., 1967. Stratigraphy and geologic structure of the Paleozoic

formations in the Upper Kuzuryu River district, Fukui Prefecture, central

Japan. Sci. Rep. Kanazawa Univ. (12), 185–207.


	Triassic paragonite- and garnet-bearing epidote-amphibolite from the Hida Mountains, Japan
	Introduction
	Geologic outline
	Petrography
	Mineral chemistry
	Garnet
	Hornblende
	Other minerals

	P-T conditions of metamorphism
	Age of metamorphism
	Geologic implications
	Acknowledgments
	References


